The neutrophil granulocyte is a
Historical considerations
Polymorphonuclear leucocytes, particularly the neutrophil granulocyte, are a key factor in cellular innate defence mechanisms against invading micro-organisms or tissue damage [1] . Rapid recruitment of granulocytes to sites of injury or infection is a hallmark of the inflammatory response and is required for effective host defence against pathogenic organisms. In leucocyte adhesion deficiency, genetic mutations in the β2 integrin adhesion receptor lead to decreased capacity for emigration of neutrophils from peripheral blood to inflamed sites. In cases of severe deficiency, patients rarely survive childhood, succumbing to overwhelming bacterial infection [2] . Granulocytes are equipped with an impressive arsenal of degradative enzymes contained within intracellular granules and have the potential to produce toxic metabolites that act to limit microbial growth and hasten destruction of pathogens [3] . However, it is only in the last decade or so that Key words: apoptosis, granulocyte, inflammation, neutrophil. Abbreviations used: FOXO, forkhead box, class O; NF-κB, nuclear factor κB; PI3K, phosphoinositide 3-kinase. 1 To whom correspondence should be addressed (email i.dransfield@ed.ac.uk).
we have begun to understand the important contribution of granulocyte apoptosis in determining the progression and ultimate resolution of inflammatory responses [4] . In this short paper, we will consider recent progress in our understanding of granulocyte apoptosis and the implications for development of new approaches to treat inflammatory disease.
A large number of granulocytes (4 × 10 9 ) are released from the bone marrow every hour; studies with infused radiolabelled granulocytes suggest that they circulate in peripheral blood with a half-life of approx. 6 h before localizing to the spleen, bone marrow or liver [5] . In the absence of defined exogenous signals, granulocytes undergo constitutive apoptosis when cultured in vitro, suggesting that they are preprogrammed to die [6] . Approx. 50% of the neutrophils remain viable after culture for 15 h. In view of the discrepancy between the circulating half-lives and the survival times in vitro and lack of evidence for significant levels of neutrophil apoptosis occurring in the peripheral circulation, it seems probable that granulocytes may be selectively sequestered in those tissues in which they ultimately meet their fate. Recent studies have demonstrated that the expression of CXCR4 (CXC chemokine receptor 4) is induced on neutrophils during in vitro culture, raising the possibility that stromal cell-derived factor can guide 'older' neutrophils from the circulation before these cells undergo apoptosis [7] . However, for extravasated granulocytes present at inflamed sites, it is now clear that the physiological mechanisms for removal must be efficient and non-inflammatory to ensure that effete granulocytes do not cause host tissue damage through the inappropriate release of intracellular contents [4] . Whether stromal cells can specifically trigger the apoptosis of granulocytes to facilitate their clearance remains to be demonstrated.
Granulocytes are competent phagocytes and are capable of recognizing material that has become opsonized by immunoglobulin or complement components, swiftly internalizing and degrading the particulate material in phagolysosomes [8] . Although it is often considered that the granulocyte has little capacity for re-programming its destructive potential, many studies on granulocytes have demonstrated that this is not the case. Indeed, engagement of granulocyte effector functions is exquisitely controlled, and inappropriate neutrophil activation is considered to be an underlying pathogenic feature of many inflammatory diseases [9] . In chronic granulomatous disease, in which assembly of the NADPH oxidase system for production of reactive oxygen species is lost, patients are not able to deal effectively with infectious microorganisms [10] . Uncontrolled release of this same destructive potential may also lead to host tissue damage. It has now been established that an important aspect of the programme of biochemical events that accompany neutrophil apoptosis is that they act to limit the potential for tissue damage via shutdown of the secretory capacity [11] , together with surface molecular changes that serve to identify apoptotic cells as targets for phagocytic removal [12] [13] [14] .
Investigation of granulocyte function in vitro
Most functional and biochemical studies on granulocytes, including studies on apoptosis, require the isolation of granulocytes from peripheral blood samples, raising issues relating to cell fractionation, including contaminating cell types and the conditions under which cells are cultured. In addition, while blood represents a convenient source of granulocytes, the relevance of in vitro studies on the mechanisms involved in apoptosis of circulating cells to the situation at inflammatory sites is worth considering. Although much effort has been made to ensure 'minimal' activation of isolated cells [15] , a number of studies indicate that expression profiles of surface receptors are different on Percoll TMgradient isolated cells when compared with whole blood, with significantly decreased expression of L-selectin, a sensitive marker of activation, and increased expression of CD11b, a β2 integrin family member present in granules within the neutrophil [16] . Inclusion of additional steps to lyse contaminating erythrocytes also acted to compound these effects.
Most of the granulocytes present within tissues would have to migrate across an activated endothelial-cell monolayer. Recent evidence suggests that after transendothelial neutrophil migration, the functional status of the endothelial cell is altered [17] . Probably, neutrophils within tissues also show specific functional alterations after transmigration, particularly in terms of neutrophil survival [18, 19] . Selectin receptor engagement has been suggested to trigger neutrophil effector function [20, 21] and subsequent arrest from vascular flow and transmigration requires the activation of integrin function via G-protein-coupled receptor activity [22] . Thus granulocytes present within tissues are unlikely to be functionally equivalent to the circulating non-activated cells that most researchers strive to isolate. Although the quoted purities of granulocyte preparations appear to be satisfactory (a minimum of 95% neutrophils), recent studies have highlighted that the presence of low percentages (approx. 1%) of monocytes can have a marked effect on the responses of granulocytes to inflammatory stimuli [23] . In our experience, mononuclear cells are not often present at these levels in iso-osmotic Percoll TM gradient preparations. However, similar considerations regarding cell purity must apply to contaminating eosinophils, which can represent up to 5% of the cells present in a 'neutrophil' preparation. Immunomagnetic cell deletion techniques, as used by Sabroe et al. [23] , should perhaps be a prerequisite for functional studies as well as PCR or gene array techniques.
Although cell isolation can be a divisive issue among researchers investigating granulocyte function, the conditions for cell culture also show some variation between research groups. Early studies by the Haslett and Henson group [6] , investigating the effects of culturing on granulocyte function, used a glucose-rich medium with autologous platelet-rich plasma-derived 'serum' and Teflon-based culture system that was optimized for cell recovery and survival. While these conditions have been extensively used for the study of the effects of inflammatory mediators, it is clear that cell-culture conditions can influence the 'rate' of apoptosis.
The microenvironment of inflammatory sites is probably quite extreme with low pH values and decreased oxygen tension and glucose levels when compared with 'normal' physiological settings. Thus established findings regarding factors that have been proposed to regulate apoptosis under normal culture conditions may require re-examination. For example, hypoxic conditions markedly delay neutrophil apoptosis [24] and recent studies have provided strong evidence that neutrophils may be particularly adapted to functioning under low oxygen conditions [25] . Hypoxia induces the transcription factor HIF1α (hypoxia-inducible factor 1α) to promote NF-κB (nuclear factor κB)-dependent gene expression, which has previously been shown to have a central role in the regulation of granulocyte survival [26] . Although the precise molecular mechanisms by which hypoxia exerts these regulatory effects remain to be defined, exogenous factors may have distinct effects under hypoxic conditions.
Control of granulocyte apoptosis
Therapeutically, we and others believed previously that selective induction of granulocyte apoptosis (when combined with accelerated clearance pathways) may have beneficial effects with respect to progression of inflammation, favouring the resolution of chronic inflammatory conditions [27] . Molecular characterization of the proteins involved in granulocyte apoptosis has been problematic in view of the difficulties associated with transfection of these cells. One exciting possibility is that protein-transduction approaches will allow the manipulation of protein levels within neutrophils and a definitive demonstration of a regulatory role [28] . It has long been known that treatment with translation inhibitors (e.g. cycloheximide) or transcription inhibitors (e.g. actinomycin D) accelerate the constitutive rate of apoptosis [29] . Indeed, these treatments can drive apoptosis triggered by ligation of death domain-containing receptors such as Fas or TNFR1 and TNFR2 [26] . Together, these results strongly suggest that granulocyte survival requires the production of a labile survival protein. The precise identity of the survival protein(s) generated in neutrophils has not been identified. One strong candidate protein with a key role in neutrophil apoptosis has been identified by biochemical examination of the role of bcl-2 family members in neutrophils. Edwards and co-workers [30] have identified Mcl-1; unlike Bax, Bak or Bik, Mcl-1 is a rapidly turned over anti-apoptotic protein and shows regulation by cytokines such as GM-CSF (granulocyte/macrophage colony-stimulating factor), which act to delay the constitutive rate of apoptosis in granulocytes [30] . It is possible that the levels of key regulatory proteins are controlled entirely at the post-transcriptional level, e.g. via a proteolytic mechanism as described for Mcl-1.
Although non-transcriptional mechanisms certainly play a role in the control of granulocyte survival, it is clear that the neutrophil is not silent in terms of the capacity for gene transcription. Indeed, the central role identified for NF-κB [26] would be consistent with an important contribution for altered patterns of gene expression. Recent studies have identified a role for the FOXO (forkhead box, class O) subfamily of transcription factors in the control of myeloid cell differentiation and apoptosis. FOXO transcription factors are targets for PI3K/Akt (where PI3K stands for phosphoinositide 3-kinase) and their activity is regulated by phosphorylation status. Constitutively active FOXO can induce the expression of Bim and drive apoptosis in neuronal cells [31] . More recently, studies on fMLP (N-formylmethionylleucylphenylalanine)-induced activation in neutrophils suggest that FOXO may bind Mcl-1 and support survival [32] .
One of the problems with microarray approaches to identify the genes involved in control of apoptosis is the sheer number of altered gene products that can be defined. For example, the studies by DeLeo and co-workers [33, 34] have shown more than 500 gene products that exhibit significant changes after phagocytosis-induced apoptosis in human neutrophils. Although defining the meaningful changes in the patterns of gene expression associated with granulocyte death remains a challenge, potential insights into the underlying control mechanisms will undoubtedly be worth the effort.
Signalling for cell death
Time-lapse video microscopy analysis of granulocyte cell death reveals the very active nature of the membrane and cytoskeletal alterations that either accompany or precede nuclear morphological changes or surface membrane alterations. In view of the well-defined signalling pathways associated with agents that act to either induce or delay apoptosis, studies with pharmacological inhibitors suggest a key role for intracellular kinases, including PI3K and protein kinase Cδ [35] . PI3K inhibition reversed the GM-CSF-mediated survival responses that were associated with phosphorylation and cytosolic localization of Bad [36] . Surprisingly, when we dissected the effects of increase in intracellular cAMP with dibutyryl cAMP on delay of neutrophil apoptosis, we found that activation of protein kinase A could not account for the observed effect. Instead, our results suggested a non-transcriptional survival mechanism, with a critical role for proteasome activity [37] . One possible mechanism could be that targeted degradation of a death protein is part of the normal granulocyte survival pathway, with reversal of the cAMP effect after inhibition of proteasome activity. The interesting recent results of Lord and co-workers [38] suggest that DISCs (death-inducing signalling complexes) may be associated with lipid rafts, possibly even in the absence of ligands. Careful biochemical analysis suggests that aggregation of receptors within lipid microdomains may allow spontaneous DISC formation and activation of downstream caspase execution pathways.
Synchronous apoptosis
One of the problems with biochemical analysis of neutrophil apoptosis is the relatively heterogeneous manner in which neutrophils enter apoptosis during constitutive apoptosis. Although it may be possible to investigate biochemical changes associated with 'end-stage' apoptosis, the molecular events occurring during the active phase of cell death are more difficult. Thus, although certain treatments can accelerate the rate of granulocyte apoptosis, the percentage of cells actually undergoing apoptosis at any point in time is relatively low. We have begun to define new culturing methods that allow rapid and synchronous induction of apoptosis. Ligation of death receptors while blocking either protein synthesis or NF-κB activation results in rapid and synchronous apoptosis [26] . Another novel experimental approach is the use of temperature shift to induce 'synchronous' apoptosis. Neutrophils are incubated at low temperature (15
• C) for several hours before rewarming to 37
• C, which is accompanied by a rapid burst of apoptosis [39] . These methods may allow the identification of novel regulatory factors and provide further insights into the mechanisms that underlie the clearance of apoptotic cells from tissues. However, one major problem for biochemical analysis of neutrophil functional responses is that the proteolytic activity of granule contents can degrade proteins after cellular lysis. We and others have found that the most potent anti-protease strategies (e.g. di-isopropyl phosphorofluoridate + 'extra strong' protease inhibitor cocktails) are required to ensure that the most labile proteins, e.g. NF-κB and STAT (signal transduction and activators of transcription) proteins, can be detected. Whether the low levels of cytochrome c detected in neutrophils were a consequence of proteolysis or merely reflected the decreased number of mitochondria containing cytochrome c is not clear.
The role of mitochondria in neutrophils is still somewhat controversial. Mitochondria can be readily detected with Mitotracker dyes and the presence of mitochondria can be validated by quantification of mitochondrial DNA and proteins such as porin [40, 41] . However, these mitochondria may not be functional in terms of generation of ATP, using neutrophil production of ATP by the process of glycolysis. In addition, biochemical analysis of the components present in neutrophil mitochondria suggests very low levels of cytochrome c and other well-characterized mitochondrial proteins, e.g. heat-shock protein 60 [42] . One interesting approach to examine the mechanisms of neutrophil cell death is the use of cytoplasts that are free of nuclear mitochondria. Using this approach, Kuijpers and co-workers [40] have shown that other proapoptotic factors that can be released from mitochondria, such as SMAC/Diablo, may have a critical role in neutrophil apoptosis [40] .
Surface membrane changes associated with granulocyte death
One well-established characteristic of apoptosis is exposure of phosphatidylserine on the outer leaflet of the plasma membrane, a consequence of loss of phospholipid translocase activity [12] . Some years ago, we reported that expression of CD16 was markedly down-regulated on the surface of neutrophils that had undergone apoptosis, suggesting that there may also be cell-type-specific membrane alterations [14] . Subsequent studies suggested a co-ordinated programme of surface changes that accompany neutrophil death, including shedding of CD62L and down-regulation of a number of other molecules on the neutrophil plasma membrane that may uncouple pro-inflammatory responses of neutrophils to exogenous stimuli [43] . Activity of receptors such as integrins may be down-regulated independent of changes in receptor expression, again consistent with attenuation of neutrophil function. Whether the repertoire of surface changes mark the apoptotic neutrophil for recognition by phagocytes is not clear. Early studies indicated that molecular changes in glycoproteins constitutively expressed on the surface of leucocytes may confer phagocyte recognition. For example, ICAM-3 (intercellular cell-adhesion molecule 3), which acts as a ligand for LFA-1 (lymphocyte function associated antigen 1)-mediated adhesion, ceases to bind LFA-1 after induction of apoptosis [44] . We have recently demonstrated that Fcγ RII is 'enabled' after apoptosis, allowing the binding of immunocomplexes, which may promote proinflammatory macrophage responses after phagocytosis [45] .
In conclusion, the investigation of the mechanisms of granulocyte cell death is difficult when compared with other cell types. However, the benefits of working with this important inflammatory cell type in terms of its therapeutic potential for inflammatory disease outweigh the disadvantages.
